It has become well established for several genes that targeting of histone acetylation to promoters is required for the activation of transcription. In contrast, global patterns of acetylation have not been ascribed to any particular regulatory function. In Drosophila, a specific modification of H4, acetylation at lysine 16, is enriched at hundreds of sites on the male X chromosome due to the activity of the male-specific lethal (MSL) dosage compensation complex. Utilizing chromatin immunoprecipitation, we have determined that H4Ac16 is present along the entire length of X-linked genes targeted by the MSL complex with relatively modest levels of acetylation at the promoter regions and high levels in the middle and/or 3 end of the transcription units. We propose that global acetylation by the MSL complex increases the expression of X-linked genes by facilitating transcription elongation rather than by enhancing promoter accessibility. We have also determined that H4Ac16 is absent from a region of the X chromosome that includes a gene known to be dosage-compensated by a MSL-independent mechanism. This study represents the first biochemical interpretation of the very large body of cytological observations on the chromosomal distribution of the MSL complex.
Many post-translational modifications of the highly conserved histone N-terminal tails are linked to transcriptional regulation (1) , with the most widely studied modification being acetylation of histones H3 and H4. Genetic and biochemical data have demonstrated that histone acetyltransferases such as yGcn5p and yEsa1p are recruited to the promoters of specific genes for the activation of transcription (2) (3) (4) (5) (6) . Loss of function mutations of the genes encoding these enzymes, however, reveal that they are also responsible for a broad pattern of acetylation with relatively modest effects on the level of transcription (2, 4, 6) .
In Drosophila, evidence for special roles for particular histone modifications was revealed with antisera to specific isoforms of H4. While H4 isoforms acetylated at lysine 5 or 8 are associated with numerous sites throughout the genome, H4 acetylated at lysine 12 is enriched in chromocentric heterochromatin, and H4 acetylated at lysine 16 (H4Ac16) is exclusively associated with the male X chromosome (7, 8) . Male-specific acetylation of H4 at lysine 16 is mediated by males absent on the first (MOF), 1 a MYST-family histone acetyltransferase present in the male-specific lethal (MSL) complex (9 -11) . This histone acetyltransferase-containing complex is responsible for the dosage compensation of many X-linked genes by increasing their transcription in males to achieve a level of gene product equivalent to that generated by the two X chromosomes in females. In addition to its protein subunits, the MSL complex contains one of two nontranslated RNAs, roX1 and roX2 (11) (12) (13) (14) (15) . Current models suggest that functional complexes form at the sites of transcription of these RNAs, then access the X chromosome at a small number of additional entry sites and subsequently spread to the hundreds of other locations along the X chromosome where they are normally found (16) . This spreading step requires both the histone acetyltransferase activity of MOF and the ATP-dependent RNA/DNA helicase activity of another subunit, MLE (17, 18) .
In this paper, we use chromatin immunoprecipitation to map the distribution of H4Ac16 acetylation on known dosage-compensated genes in Drosophila embryos and find that this isoform is not restricted to the promoter region but is distributed throughout the length of these genes. Importantly, we show that runt, an X-linked gene known to be dosage-compensated independently of the MSL complex, escapes H4Ac16 acetylation and resides in a large chromosomal region that lacks this histone isoform, suggesting that broad or "global" patterns of acetylation are targeted to specific chromosomal or nuclear domains. Finally, we demonstrate an enhanced binding of the MSLs at the roX2 locus; this observation supports the hypothesis that the initial X chromosome targets of the MSL complex are likely to be entry sites, including the roX loci where the complex is expected to form.
EXPERIMENTAL PROCEDURES
Embryo Chromatin IP-Mixed-stage embryos (0 -12 h old) were cross-linked and sonicated according to Orlando et al. (19) . The average size of DNA fragments was ϳ500 base pairs. After sonication, debris was removed by centrifugation, and the supernatant was adjusted to 0.5% Sarkosyl and mixed for 10 min at 22°C and respun. The supernatant was adjusted to RIPA (0.14 M NaCl, 1% Triton X-X100, 0.1% SDS, 0.1% sodium deoxycholate), aliquoted, and frozen.
Antiserum that is specific for histone H4 acetylated at lysine 16 was obtained from Serotec. In immunofluorescence experiments, this antisera paints the Drosophila male X chromosome as described previously (7) . Core histone monoclonal MAB052 (Chemicon) was chosen to control for nucleosome concentration differences based on its high efficiency in ChIP; other general H4 antibodies tested showed little enrichment above the background obtained using naive rabbit serum.
3 l of antisera was bound to 12.5 l of protein A-agarose and incubated with 500 l of extract (representing roughly 0.2-g embryos).
Beads were washed several times in RIPA buffer, then washed in 10 mM Tris, 1 mM EDTA, pH 8.0. RNase was added at a concentration of 50 g/ml for 10 min at 22°C, adjusted to 0.5% SDS and 0.5 mg/ml pro-teinase-K, and incubated 42°C for 5 h. Formaldehyde cross-links were reversed by a further incubation at 65°C overnight. DNA was purified by phenol-chloroform extraction and ethanol precipitation.
Real-time PCR-Primer pairs were designed to amplify ϳ300-base pair fragments (278 -318) at regular intervals along genes of interest. Each PCR reaction contained 4 pmol of each primer, 3 mM MgCl 2 , 0.2 mM concentration of each dNTP, 1:10,000 dilution of Sybr Green1 (BioWhittaker), 5% Me 2 SO, 0.1% bovine serum albumin, 0.1% Tween 20, 50 mM Tris, pH 8, and 1.6 units of HotStar Taq polymerase (Qiagen). PCR was performed and monitored in a Bio-Rad iCycler: 20 min activation of Taq at 94°C, followed by 40 cycles of 94°C 30 s, 55°C 30 s, 72°C 45 s. Product formation was detected at 72°C in the fluorescein isothiocyanate channel. Because Sybr Green1 binds to any doublestranded DNA, we checked for primer-dimer formation by performing control reactions without substrate, as well as using agarose gel electrophoresis to check for the desired product.
Quantitation of Real-time PCR-Calculations of fold enrichment of an X sequence relative to an autosomal sequence utilize relative differences in the threshold cycle, the cycle of PCR at which the fluorescence reaches a given value or threshold that is in the log-linear range of amplification.
The fold enrichment is calculated as: fold enrichment ϭ (2∧ (core IP X Ϫ Ac16 IP X ))/(2∧ (core IP A Ϫ Ac16 IP A )), where core IP X , core IP A , Ac16 IP X , and Ac16 IP A are the observed threshold cycles for the X or autosomal (A) sequences in the appropriate immunoprecipitation reaction.
RESULTS

Lysine 16 Acetylation Is Enriched along the Length of Dosage-compensated Genes-We performed ChIP experiments on
Pgd and Zw. These two X-linked genes, which encode the pentose-phosphate-shunt enzymes 6-phosphogluconate dehydrogenase and glucose-6-phosphate dehydrogenase, respectively, had been shown previously to be dosage-compensated by the MSL complex (20) . An autosomal control for these studies was the Gpdh gene that encodes the glycerophosphate shuttle enzyme glycerol-3-phosphate dehydrogenase. Since these three genes are expressed in all cell types, they are particularly good candidates for ChIP studies using mixed-stage embryos as starting material.
Embryos were treated with formaldehyde, the cross-linked chromatin was solubilized by sonication, and the resulting extracts were used in immunoprecipitation reactions with H4Ac16 antiserum (Serotec) or with a monoclonal antiserum recognizing all histones (MAB052, Chemicon). DNA recovered from the precipitates was used in quantitative, real-time PCR with primer sets that amplify 300-base pair fragments at regular intervals across the genes of interest. The relative enrichment of H4Ac16 to the autosomal control was determined for each PCR-amplified fragment (see "Experimental Procedures").
The Pgd gene encodes a 3.2-kb primary transcript (21) and is flanked on its 5Ј end by a predicted gene, EG87B1, and on its 3Ј end by the bcn92 gene (Fig. 1) . Using the autosomal gene as reference, H4Ac16 is enriched along the entire length of Pgd, with greater amounts of this isoform present toward the 3Ј end. Similar distributions were observed whether input DNA or DNA recovered from immunoprecipitations using core histone antiserum were used for normalization (data not shown).
Because of the larger size of the Zw gene, we spaced the 300-base pair PCR-amplified fragments farther apart from one another. As was observed with Pgd, H4Ac16 is enriched along the length of Zw, with particularly high levels in the middle and 3Ј end of the transcription unit (Fig. 2) .
H4Ac16 Is Not Found in a Chromosomal Region That Includes the runt Gene-runt is an X-linked gene that is dosagecompensated by a process that is independent of MSL function (22) . Using four sets of primers to amplify separate regions of runt, we established the absence of any significant enrichment of H4Ac16 at this locus (Fig. 3) . The locus of runt is in a relatively large gene-poor region of the X chromosome flanked on either side by heavy clusters of genes. We designed primer sets for several of these flanking genes and failed to find any enrichment for H4Ac16 (data not shown), suggesting that this may be a chromosomal domain to which the MSLs have not spread. The nearest site of enrichment for H4Ac16 that we detected is at the Tak1/Cg1812 region that is ϳ100 kb distant from runt (Fig. 3) .
MSL1 Cross-linking to a Site of Complex Assembly-Our attempts to map the MSL complex along the X-linked genes described above yielded variable results that can be best ascribed to cross-linking efficiency or to antisera affinity problems. To increase the sensitivity of our assay, we attempted to map the complex to a region of the X chromosome where it may be enriched, i.e. to a chromosomal entry site. Among the 30 -40 entry sites that have been identified by cytoimmunofluorescence, two are known to contain the roX genes (14, 16) . The MSL complex is found at either of the two roX genes when these are moved to ectopic autosomal sites and spreads in cis from the transgenes to new sequences. The association of the complex with the roX transgenes occurs even when the latter 
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are not transcribing, suggesting that the roX genes are not only sites of assembly for the complex but are also entry sites (14, 16, 23) .
Using an MSL1 antiserum to precipitate the MSL complex (11) and primers to roX2, we determined a high enrichment of the complex at this locus (Fig. 4) . Recently, a similar enrichment of MSLs was observed at rox1 (23) . A segment of the 3Ј end of the Pgd gene also shows a reproducible but modest enrichment for the MSL complex. Both Pgd sequences and roX2 sequences show similar levels of enrichment for H4Ac16.
DISCUSSION
Global Histone Acetylation by the MSL Complex-Several
examples of the in vivo recruiting of histone acetyltransferasecontaining complexes to specific genes by DNA-binding activator proteins have been reported in yeast (2) (3) (4) (5) . The resulting localized hyperacetylation of nucleosomes in the promoter domain of these genes can occur in the absence of transcription but is necessary for its inception (2) . In addition to this targeted effect, a background level of global histone acetylation is present throughout the yeast genome, leading to the hypothesis that it may function to enhance the competency of genes for the activation of transcription (2, 4, 6) . Histone acetyltransferases responsible for global acetylation may perform their function by docking on nucleosomes in a random manner (24) or by associating with an elongating polymerase complex (25) .
In contrast to the genome-wide acetylation found in yeast, the global acetylation of X-chromosome domains by the MSL complex in Drosophila has a clear role in transcription: a 2-fold enhancement in males. Although MOF can be targeted to a promoter in yeast resulting in a large induction of transcription (9) , in Drosophila, the MSL complex is unlikely to play a role in gene activation and, therefore, is probably not targeted to promoters. This contention is supported by the fact that the complex is absent in females and by the observation that male embryos lacking the complex will develop up to the third larval instar without exhibiting any specific developmental defects; lethality in these individuals is the result of an imbalance in the relative level of X-linked and autosomal gene products. Concordant with these considerations is our finding of the relatively low level of MSL-dependent acetylation around the promoters of Pgd. In addition to the absence of targeting, the complex may be impaired from acetylating these nucleosomes by the presence of other chromatin remodeling modifications to the H4 tail or by the binding of other proteins that would prevent MOF from recognizing it as a substrate. A potentially related phenomenon has been described recently in yeast (26) .
Global Histone Acetylation Is Required for the Spreading of the MSL Complex-
The histone acetyltransferase activity of MOF is not only directly correlated to the 2-fold enhancement of the rate of transcription of X-linked genes in males, but it is also required for the spreading of the MSL complex. This can be concluded from the observation that an intact complex with an inactive MOF subunit fails to spread beyond the entry sites (17, 18) . Furthermore, MOF overexpression results in the presence of H4Ac16 throughout the genome, and the complex is no longer limited to the X chromosome, but is found along all of the autosomes (18) . This last observation suggests that broad patterns of acetylation could result if nucleosomes modified by MOF become new sequence-independent binding sites for the complex. A similar property is exhibited by the NuA4 complex of yeast. In an in vitro system that is not transcribing, the NuA4 complex can acetylate large domains of chromatin when targeted to a specific site, suggesting that the complex has the intrinsic ability to spread (27) . This multiprotein complex includes the only yeast homologs of known MSL subunits: Esa1p (MOF) and Eaf3p (MSL3) (28) and shares with the MSL complex the ability to acetylate histone H4 at lysine 16 (29) .
Global Histone Acetylation and Transcription Elongation-A role for global acetylation on transcription was suggested by Tse et al. (30) who showed that processivity of RNA polymerase III through an array of nucleosomes was greatly increased by histone acetylation. This effect on transcription elongation correlated with an unfolded state of the highly acetylated nucleosomal arrays. In addition to the effect of histone acetylation on chromatin structure, transcription by T7 RNA polymerase through a single nucleosome was equally efficient whether utilizing tailless or hyperacetylated nucleosomal templates (31) . In this context, we suggest that the distribution of H4Ac16-containing nucleosomes along the length of a dosagecompensated gene results in a reduction in the time required for completing a transcript. If reinitiation is the rate-limiting step in production of transcripts, enhancement of elongation could increase gene expression if termination were coupled to reinitiation. Evidence that recycling of terminating polymerases enhances reinitiation rates has been found for polymerase I and polymerase III genes (32, 33) .
Targeting Global Histone Acetylation to Chromosomal Domains-Our data provide a molecular confirmation in diploid cells of the discontinuous distribution of the MSL complex and of H4Ac16, as determined in larval salivary gland polytene chromosomes by cytoimmunofluorescence. Antisera to MSL1 (and MSL2, data not shown) are able to efficiently immunoprecipitate roX2 sequences (Fig. 4) in contrast to the other gene loci tested. This can be explained by the special role of roX genes as entry sites: continuous recruitment for assembly and/or the presence of high affinity binding sequences at these loci would favor more efficient cross-linking. The physical proximity of a gene to an entry site may determine whether it FIG. 3. H4Ac16 is not enriched at the X-linked runt gene. Four segments of the runt gene were tested for enrichment of H4Ac16 relative to autosomal Gpdh. CG1812 and Tak1 are the two closest genes to runt at which we found enrichment for H4Ac16 (ϳ100 kb from runt) .   FIG. 4 . MSL complex and H4Ac16 are enriched at an X-chromosomal entry site. ChIP with an antibody against MSL1 and the corresponding preimmune serum revealed particularly high levels of enrichment at roX2 and modest enrichment at Pgd. H4Ac16 is enriched at similar levels on both genes relative to Gpdh, demonstrating the qualitative difference between an entry site and Pgd.
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attracts the MSL complex and whether histone H4 of its nucleosomes becomes acetylated at lysine 16. The nonrandom pattern of global acetylation along the X chromosome reflects specific regulatory differences in X-linked gene transcription. The compensation of the X-linked gene runt appears to be under the direct control of the Sxl gene and does not involve the MSL complex (22) . As expected, since Sxl makes a functional product only in females, equal levels of runt expression in the two sexes may be achieved by reducing (halving) the expression of the two doses of the gene in females (34) . These considerations are fully concordant with the absence of H4Ac16 on runt nucleosomes. By analyzing the regions adjacent to the locus of runt, we discovered that this gene resides in an extensive H4Ac16-free region.
There is a growing list of examples of global domains of acetylation associated with specific regulatory sequences. An extensive region of acetylation at the human ␤-globin locus is linked to a sequence 5Ј of the locus control region and may require relocalization to a particular nuclear domain (35) . The entire length of the human growth hormone gene cluster is characterized by an enrichment of H3 and H4 acetylation that appears to emanate from a DNase 1-hypersensitive site in the locus control region (36) . In Drosophila dosage compensation, a model is emerging where the MSL complex is targeted to specific entry sites within a chromosomal domain and subsequently spreads via histone acetylation throughout this domain to enhance levels of transcription. The mode of targeting and spreading of the MSL complex within nuclear domains may be a paradigm of targeted global remodeling of chromatin responsible for the regulation of large groups of genes.
